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Abstract This work exemplifies a simple and rapid
method for the synthesis of silver nanodendrite with a
novel electrochemical technique. The antibacterial activity
of these silver nanoparticles (Ag NPs) against pathogenic
bacteria was investigated along with the routine study of
optical and spectral characterisation. The optical properties
of the silver nanoparticles were characterised by diffuse
reflectance spectroscopy. The optical band gap energy of
the electrodeposited Ag NPs was determined from the
diffuse reflectance using Kubelka–Munk formula. X-ray
diffraction (XRD) studies were carried out to determine the
crystalline nature of the silver nanoparticles which con-
firmed the formation of silver nanocrystals. The XRD
pattern revealed that the electrodeposited Ag NPs were in
the cubic geometry with dendrite preponderance. The
average particle size and the peak broadening were delib-
erated using Debye–Scherrer equation and lattice strain due
to the peak broadening was studied using Williamson–Hall
method. Surface morphology of the Ag NPs was charac-
terised by high-resolution scanning electron microscope
and the results showed the high degree of aggregation in
the particles. The antibacterial activity of the Ag NPs was
evaluated and showed unprecedented level antibacterial
activity against multidrug resistant strains such as Staph-
ylococcus aureus, Bacillus subtilis, Klebsiella pneumonia
and Escherichia coli in combination with Streptomycin.
Keywords Antibacterial activity  Silver nanodendrite 
UV-DRS  Williamson–Hall method  Kubelka–Munk plot
Introduction
Nanoparticle research has become an immense developing
field due to its wide range of applications in different areas
of science and technology. Nanomaterials are gaining
interest and prominence due to their many new-fangled
properties in contrast to that in traditional bulk materials.
Among the metal nanoparticles (NPs), transition metal
NPs, in particular the nanoparticles of cobalt (Farhadi and
Safabakhsh 2013), nickel (Abdelhalim et al. 2012; Huang
et al. 2007 Au, He et al. 2013; Nejati and Zabihi 2012;
Wang et al. 2008), palladium (Xiong et al. 2005; Jana et al.
2000); platinum (Roldan Cuenya et al. 2011; Zhang et al.
2008), gold (Merza1 et al. 2012) and titanium (Mishra et al.
2010), have attracted much attention of the researchers for
a long time due to their size-induced properties and
application-oriented importance in many industries as well
as in advanced technologies. Among these transition metal
nanoparticles, silver nanoparticles (Ag NPs) have been
extensively studied due to their surface enhanced proper-
ties with fascinating structures and unique electrical,
chemical, optical and antimicrobial properties.
For the past few decades, nanoparticles of silver have
been gaining much attention and being used in almost
every field, including medicine (Nithya and Ragunathan
2014; Knetsch and Koole 2011), catalysis (Venkatesham
et al. 2012), bio sensing (Priyanka et al. 2013; Doria et al.
2012; Zhu et al. 2009), drug delivery (Soumya and Gayatri
Hela 2013; Prabhu and Uzzaman 2011; Diaz and Vivas-
Mejia 2013), electronics (Zhang et al. 2011; Lu 2007;
Karni et al. 2012), textile (Xue et al. 2012), photonics
(Shen et al. 2000), optical sensor (Pandey et al. 2012), non-
linear optical properties (Ye et al. 2009; Vasireddy and
Paul 2012), water treatment (Monyatsi et al. 2012; Ebeling
et al. 2013), pigments, photographic, bactericide (Kim
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et al. 2007; Govarthanan et al. 2014; Rajawat and Qureshi
2012; Li et al. 2013; Yasina et al. 2013), anticancer agent
(Devi and Bhimba 2012; Mukherjee et al. 2014; Sulaiman
et al. 2013; Nazir et al. 2011), wound treatment (Habi-
boallah et al. 2014), conductive composites (Pandey et al.
2012), etc.
Silver nanoparticles show a sharp and distinct optical
response (surface plasmon resonance) in the visible region,
which makes them potentially useful in optical biosensors
and optoelectronic devices. The optical properties of the
silver NPs have already been established in optoelectronic
devices. And most significantly the Ag NPs are finding
application in the field of medicine as an antibacterial agent
and a therapeutic agent. In particular, the Ag NP bacteri-
cidal application is among the most studied in nanoscience.
Silver nanoparticles provide a large number of active sur-
faces for their antibacterial interactions which make them
interesting for biological and medical applications.
Medicinal and preservative properties of silver have
been known for over 2,000 years. Since ancient times sil-
ver has been highly regarded as a versatile healing tool and
been revered by the medical community; Hippocrates, the
father of medicine knew its healing and anti-disease
properties. Before the advent of antibiotics, silver was an
important weapon against diseases. The ancient Phoeni-
cians knew enough to keep water, wine and vinegar in
silver vessels to ensure freshness. It was proved that silver
dissolves in water forming a colloidal solution that kills
pathogenic bacteria. And although the stability of silver in
water is low, it is quite enough for disinfection. It is well
known that silver nanoparticles are exceedingly toxic to
microorganisms showing strong biocidal effects on Gram
positive, Gram negative and fungous. There have already
been developed several applications such as water filtering,
food packing, silver nanoparticle-based antiseptics and
anti-stain clothes (Vankar and Shukla 2012), which use the
bactericidal effect of silver nanoparticles.
Nanoparticles are generally synthesised by physical
(top-down), chemical and biological (bottom-up) methods.
Owing to the wide range of applications offered by nano-
particles in various fields, different approaches have been
deliberated for their synthesis. Several methodologies were
developed to obtain Ag NPs of wide ranging surface
morphology including, biosynthesis (Vankar and Shukla
2012; Christensen et al. 2011, Shanmugavadivu et al.
2014), microwave processing (Pal et al. 2013), laser abla-
tion (Amendola et al. 2012), gamma irradiation (Gasaymeh
et al. 2010), electron irradiation (Misra et al. 2013), elec-
trodeposition (Khaydarov et al. 2008; Sanchez et al. 2000;
Roldan et al. 2013), green synthesis (Shameli et al. 2012;
Pandey et al. 2012; Ahmad and Sharma 2012), sonoelect-
rochemical synthesis (Socol et al. 2002); chemical reduc-
tion (Sileikaite et al. 2009), photochemical method
(Kutsenko and Granchak 2009), thermal decomposition,
radiolytic reduction (Saion et al. 2013) etc., Among these
techniques, bottom-up methods are frequently adopted for
the synthesis of Ag NPs, since they offer easy and expe-
dient route for the synthesis of Ag NPs.
Among them electrochemical method is the most pop-
ular and frequently used method for the Ag NPs synthesis.
An inexpensive conventional two-electrode system was
used for the electrochemical synthesis. The advantage of
this technique over other bottom-up approaches lies in the
purity of the nanoparticles. Since the method is flexible, the
particle size can be improved by controlling the reaction
parameters such as electrolytic concentration and the
applied current density. This technique employs the use of
inexpensive chemicals and materials for the Ag NPs syn-
thesis. However, there were no special reagents like sur-
factants and reducing agents were used in the present work
for the stability and reduction of silver ion in solution.
Experimental
Materials and method
Analytical grade silver nitrate (AgNO3) was obtained from
M-Merck and used without further purification. High-grade
glassy carbon rod from Alfa Aesar was used as the counter
electrode and silver metal (99.9 % pure) with geometric
area of 20 mm 9 2 mm 9 30 mm was used as working
electrode for the electrolysis. The electrolyte was prepared
using double-distilled deionized water and both the elec-
trodes were immersed in the electrolyte and held parallel to
each other at the distance of 2 cm. The Ag ion reduction in
the electrolysis process was carried out by inducing a
chemical reaction in an electrolyte by the applied voltage
across the electrodes. Regulated power supply battery unit
was used as the direct current (DC) source for the elec-
trolysis process and the constant current was drawn at the
rate of 10 mA per second throughout the process. The
electrochemical process was carried out at room tempera-
ture and the pH of the electrolyte was not maintained but
then it was observed that the pH of the electrolyte was
decreasing as the deposition progresses.
Electrochemical synthesis of silver nanoparticles
Electrochemical deposition is a technique that has been
widely used for the synthesis of metal nanoparticles.
Electrochemical deposition occurs at the interface of an
electrolyte solution containing the metal to be deposited
and an electrically conductive metal substrate. Silver
nanoparticles were synthesised electrochemically using an
electrolyte containing 0.01 mM concentration of AgNO3.
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The electrolyte was prepared from double deionised water
and the volume of the cell was 100 ml. The glassy carbon
electrode and the silver metal were employed as working
electrode and counter electrodes, respectively. Ag NPs
showed dendritic growth and it was found that high con-
centration of the silver ion favours the aggregation and
dendritic formation. The overall cathodic reduction of sil-





The formation of Ag NPs was confirmed by X-ray dif-
fraction technique using diffractometer with Cu-Ka radia-
tion (k = 1.5406 A˚). Particle size and anisotropic nature of
the Ag NPs were calculated using Scherrer formula and
Williamson–Hall equation. Diffuse reflectance spectros-
copy (DRS) was used to characterise the optical properties
of the Ag NPs. Scanning Electron Microscopy was used to
determine the size and morphology of the Ag NPs obtained
from electrodeposition method.
Antibacterial assay
The high chemical reactivity of silver ions allows the silver
surface to enter the strong bonds with groups containing
carbon monoxide, carbon dioxide, or oxygen, which then
leads to the prevention of bacteria/fungi spreading. There
are number of techniques available to perform antibacterial
and antimicrobial susceptibility tests which include agar
disc diffusion (Kirby–Bauer), broth diffusion (Stokes)
(macro- and micro-dilution), agar dilution (minimum
inhibitory concentration) and diffusion and dilution (E test)
method. The antimicrobial susceptibility of silver nano-
particles was evaluated for both Gram-positive and Gram-
negative bacteria using the Kirby–Bauer disc diffusion
method. Kirby–Bauer method is most commonly used for
antibacterial investigation since the method being recom-
mended by the National Committee for Clinical Laboratory
Standards (NCCLS). The zone of inhibition was measured
after 24 h of incubation at room temperature.
Results and discussions
UV-DRS
UV-diffuse reflectance spectroscopy is one of the most
widely used techniques for structural characterisation of
the metal nanoparticles. Due to the unique optical proper-
ties of the Ag NPs, great deal of information about the
physical state of the nanoparticles can be obtained by
analysing the optical characterisation of Ag NPs. It is
known that the size and shape of the Ag NPs considerably
change their optical properties since the surface-to-volume
ratio increases with decrease in size of the particle. Ultra-
violet–visible spectroscopy of the silver nanocrystals was
performed in a Perkin Elmer Lamda-2 spectrophotometer
and is shown in Fig. 1. The surface plasmon resonance
band was detected for a primary peak around 398 nm
which indicates the cluster formation and a secondary peak
at 339 nm confirms that the Ag NPs are dendritic in nature.
Peak position and sharp intensity of the absorption
spectrum revealed the presence of Ag NDs and it was
confirmed by the SEM results of the Ag NPs. The shapes of
the absorption curve suggest that the nanoparticles were
well dispersed and spherical in shape. Since the cluster
formation is seen, the absorption is observed towards the
blueshift. The stability of the Ag NDs was confirmed by
observing the absorption spectrum after 30 days of
synthesis.
According to Mie theory, spherical Ag NPs exhibit
single surface plasmon band, while dispersed anisotropic
particles such as dendrites, prism, rod and triangles exhibit
two or three SPR bands. At diameters greater than 10 nm, a
second peak becomes visible at a shorter wavelength than
the primary peak. This secondary peak is due to a qua-
druple resonance that has a different electron oscillation
pattern than the primary dipole resonance. When Ag NPs
aggregate, the metal particle becomes electrically coupled
and this system has different SPR than the individual
particles and it is shifted to longer wavelength. As the
diameter increases, the plasmon resonance peak shifts to
longer wavelengths and broadens. The absorption spectrum
of the Ag NPs showed a surface plasmon resonance peak
which indicates that the Ag NPs are dendrites with small














Fig. 1 UV-DRS spectrum for the Ag NPs
Appl Nanosci (2015) 5:983–991 985
123
particle size and are not aggregated to the large particles
and is confirmed by the HR-SEM images.
Band gap energy
Band gap is the major factor determining the electrical
conductivity of a solid. Substances with large band gap are
generally insulators (dielectric), those with smaller band
gaps are semiconductors, while conductors either have very
small band gap or no band gap because the valence and
conduction bands overlap. The band gap is the minimum
amount of energy required for an electron to break free of
its bound state. Electrons with enough thermal energy can
jump from the valence band to conduction band.
Kubelka–Munk method
The strong interaction of Ag NPs with visible light
occurs because the conduction electrons on the metal
surface undergo a collective oscillation when excited by
light at specific wavelength. The optical band gap energy
for the Ag NDs was calculated using Tauc equation as
follows:
ahmð Þn¼ A hm Eg
 
; ð1Þ
where A is a constant, a the absorption coefficient, Eg. is
the band gap, h is the planck’s constant, m. is the frequency,
and n equals to  for the allowed direct transition.
The absorption coefficient value is calculated from the
diffuse reflectance using Kubelka–Munk equation,






where, R is the absolute reflectance of the Ag NPs, k the
molar absorption coefficient and s the scattering coeffi-
cient. The acquired diffuse reflectance spectrum is con-
verted to Kubelka–Munk function F(R), which is
equivalent to the absorption coefficient (a). Thus the ver-
tical axis is converted into the quantity FðRÞhm½ 0:5. and
plotted against photon energy ðhmÞ. The band gap value is
obtained by the intercept of the fitted straight line of the
linear part of the curve. The value of optical band gap
energy for the electrodeposited As was found to be 3.37 eV
and is shown in the Fig. 2.
HR-SEM
Structural morphology of Ag NPs was characterised by
FEI Quanta FEG 200 electron microscope. Figure 3
shows the HR-SEM images of the well-dispersed Ag
NDs synthesised at room temperature. HR-SEM results
showed that the Ag NPs obtained by the electrochemical
synthesis are pure in nature and dendritic in shape, with
the size 10–50 nm and are in good agreement with the
XRD analysis.













   




Fig. 2 Kubelka–Munk Plot for band gap calculation
Fig. 3 FE-SEM micrographs of Ag NDs
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X-ray diffraction analysis
The crystalline structure of the synthesised Ag NPs was
investigated through powder X-ray diffraction by a Seifert
Analyse X-ray powder diffractometer using Cu Ka radia-
tion operating between 108 and 708 and is shown in Fig. 4.
XRD analysis showed that, Ag NPs are highly crystalline
in nature and have face-centred (FCC) geometry. The XRD
pattern showed diffraction peaks at 2h values of 38.16,
44.35, and 64.47 corresponding to (111), (200), and (220)
Bragg’s reflections, respectively. The XRD pattern exhib-
ited higher preferential orientation at 2h = 38.16 corre-
sponding to (111) reflection of the Ag NDs. This was in
good agreement with the unit cell of the face-centred cubic
(fcc) structures (JCPDS file no. 04-0783) with a lattice
parameter of a = 4.077 A˚.
Particle size and strain
The crystalline size of the synthesised Ag Np was calcu-
lated using peak broadening method using Debye–Scherrer





where D is the grain size (nm), k the wavelength of X-ray
used (nm), h the diffraction angle (degrees), K is a constant
equal to 0.94, b the peak width at full width half maximum
(FWHM) of X-ray diffraction peak (rad.). The X-ray dif-
fraction pattern nanocrystalline silver exhibited significant
line broadening.
Average crystalline size and strain-induced broadening






A plot is drawn with 4 sin h. along the x-axis and
bhklcosh. along the y-axis as shown in Fig. 5. From the
linear fit to the data, the crystalline size was calculated
from the ordinate intercept, and the strain from the slope of
the fit. The geometrical parameters of the Ag NPs are
summarised in Table 1.
FT-IR spectrum
An infrared study was carried out to establish the purity
and nature of the silver nanoparticles obtained from the
electrodeposition method. The FT-IR spectrum obtained
for Ag NPs shows different absorption peaks and is shown
in Fig. 6. A strong absorption observed at 3,452 cm-1 was
















Fig. 4 XRD pattern of the electrodeposited Ag NPs














Fig. 5 Williamson–Hall analysis of silver nanodendrites. Fit to the
data, strain is determined from the slope and crystalline size from the
intercept of the fit
Table 1 X-ray diffraction geometrical parameters of Ag NPs
d-spacing (A˚) 2h position hkl b-radians Lattice parameter (a) A˚ Relative int. (%) Particle size (nm)
Scherrer method W–H method
2.3559 38.1695 111 3.43 9 10-3 4.0804 100 42.32 42
2.0405 44.3575 200 4.72 9 10-3 4.0810 22 31.27
1.4440 64.4786 220 6.02 9 10-3 4.0842 17 26.34
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due to the O–H stretching vibration of water molecule
adsorption on the metal surface. A sharp band observed at
1,621 cm-1 and a weak absorption at 687 cm-1 can be
attributed to symmetric stretching vibration of N = O bond
of NO2 ion which could be from the AgNO3. electrolyte.
Very weak absorption peaks at 1,354 cm-1 indicate the in-
plane bending mode of water molecule on the surface of
the Ag NPs.
Antibacterial susceptibility
Ag NPs specifically have been proven to have effective
antiviral qualities and their toxicity to a wide range of
microorganisms is dependent on a variety of qualities. The
small size of the Ag NPs allows them to interact with the
















Fig. 6 FTIR spectrum of the Ag NDs
Fig. 7 Zone of inhibition disc impregnated with Ag NPs at different concentrations of (30, 40 and 50) against (a) Klebsiella pneumonia,
(b) Escherichia coli, (c) Bacillus subtilis and (d) Staphylococcus aureus
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membranes of bacteria and viruses by their ability to cross
the membranes of both Gram-positive and Gram-negative
bacteria. Ag ions cause destruction of the peptidoglycan
bacterial cell wall and lysis of the cell membrane. Ag ions
may denature ribosomes thereby inhibiting protein syn-
thesis and causing degradation of the plasma membrane.
Silver ions bind to DNA bases causing DNA to condense
and lose its ability to replicate, thereby preventing bacterial
reproduction via binary fusion. Silver interrupts the bac-
teria cell’s ability to form chemical bonds essential for
their survival. These bonds produce the cell’s physical
structure so that when bacteria meets Ag it literally falls
apart.
The actual mechanism for the bactericidal effect has not
been completely unravelled. However, the possible bacte-
ricidal mechanism for Ag NPs may be
1. Cell uptake followed by disruption of both ATP
production and DNA replication.
2. Cell membrane damage.
3. Generation of reactive oxygen species.
Methicillin-resistant Staphylococcus aureus (MRSA), a
life-threatening Steph often referred to as a ‘‘Super bug’’ is
resistant to almost all chemical antibiotics. Silver nano-
particles have been proven to have better bactericidal effect
and biofilm formation on Staphylococcus aureus (MRSA).
Silver has actually been proven to promote the growth of
new cells, thereby increasing the rate at which wounds can
heal. An added advantage is that unlike other metals with
antibacterial properties, Ag is not toxic to humans.
It was proven that, silver nanoparticles (Ag NPs) can
prevent photosynthesis in algae.
Many aspects of the inhibitory effect of Ag ion have been
discussed previously. The antibacterial susceptibility of the
electrodeposited Ag NPs was evaluated by Kirby–Bauer
disc diffusion method using Muller-Hinton agar (MHA)
medium. Zone of inhibition was measured after 24 h of
incubation at room temperature. The bacterial growth was
determined by measuring the diameter of inhibition zone
and is shown in Fig. 7. Figure 8 explains the effect of Ag
NPs concentration compared with the standard antibiotic
Streptomycin. Ag NPs exhibited distinct antibacterial
activity against Gram-positive and Gram-negative bacteria.
The minimum inhibitory concentrations (MIC) of Ag NPs
against the bacterial strain are given in Table 2. The syn-
ergetic effect of Ag NPs along with the antibiotic drug
Streptomycin (10 lg) was found to be effective.
Conclusion
A novel one-pot synthesis route for the qualitative syn-
thesis of highly stable Ag NPs is reported without using
any special reagent. This work summarises the novel
technique for the synthesis of stable silver nanoparticles.
Electron microscopy result confirmed the formation of Ag
NPs and XRD results showed the high crystallinity of the
electrodeposited Ag NDs. The FT-IR spectrum showed that
the Ag NPs obtained are free from impurities. Ag ND
formation was once again confirmed by UV–Vis charac-
terisation and the surface plasmon resonance band of the
Ag NPs with the optical band gap energy of 3.39 eV can be
a potential candidate for the optical and optoelectronic
devices. In addition, the antibacterial activity of the elec-
trodeposited silver NPs was also evaluated and showed
excellent bactericidal activity against both Gram-positive
and Gram-negative bacteria. These results indicate that the
Ag NPs can be used as an antibacterial agent in the field of
medicine. At higher concentration, the Ag NPs showed
better bactericidal effect towards the Gram-positive bac-
teria compared to Gram-negative bacteria. The synergetic
effect of Ag NPs was more pronounced on Gram-negative
bacteria than on Gram-positive bacteria because the cell
wall of the Gram-negative bacteria is thinner.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
Fig. 8 The antibacterial effect of Ag NPs on gram positive and gram
negative bacteria
Table 2 Zone of Inhibition
Bacteria Zone of inhibition (mm)
Negative
control




0 0 7 12 15
Klebsiella
pneumonia
0 10 10 12 15
Bacillus subtilis 0 7 10 18 22
Escherichia coli 0 8 10 12 17
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distribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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